The objective of the present study was to assess the influence of the roughness of a loaded surface on crack formation in a mica-based glass-ceramic bonded to a resin composite base. Five different surface roughnesses were created on glass-ceramic discs by serial wet-grinding with silicone carbide abrasives. The thicknesses of the ceramic discs were 1.50 ± 0.01 mm. Resin composite discs were bonded to the ceramic surfaces opposite to the ground surfaces using an adhesive resin composite cement and a silane coupling agent. A compressive load was then applied at the center of the ground ceramic surface. The loads at initial radial and cone crack formations in the ceramic were measured macroscopically. In three of the five groups, the initial radial crack formations could not be observed due to the high roughness of these surfaces. Statistical analysis was performed using Student's t test for initial radial cracks and one-way ANOVA for the cone cracks. There were no significant differences between the two groups for the initial radial cracks or among the five groups for the cone cracks (P < 0.05). The roughness of the loaded surface had no influence on crack formation in the bonded mica-based glassceramic. (J. Oral Sci. 48, 125-130, 2006) 
Introduction
As dental patients are becoming increasingly concerned about oral esthetics, ceramics and resin composites are frequently being applied to tooth-colored metal-free indirect restorations. In general, ceramics have higher mechanical strength, elastic modulus, and chemical inertness than resin composites (1) . One of the clinical shortcomings of ceramics, however, is the difficulty involved in surface polishing. Autoglazing has been effective as a technique by which to overcome surface polishing in porcelains (2) , and add-on glazing porcelains are used to smooth the surfaces of mold-injectable ceramics. However, certain characteristics of mold-injectable ceramics are lost by covering the ceramic surface with an add-on porcelain, and rotary polishing is used to achieve the characteristics of ceramics in the oral environment. Yamamoto et al. (3) reported that the surface roughness (Ra) of a mica-based glass-ceramic polished using rotary instruments from the manufacturer was approximately 1.0 µm, whereas Ishizawa and Yamamoto (4) stated that the roughness of a diopsidebased glass-ceramic was less than 1 µm without polishing. Although the surface roughness of the tensile surface is known to affect the mechanical properties of ceramic materials (5-7), few studies have examined the influence of loaded surface roughness on ceramic properties.
Remarkable progress in the field of polymeric materials has led to the widespread clinical use of adhesive restorative materials. Achieving excellent dentinal sealing is important for restoring both vital and non-vital teeth. The resin coating technique is used for indirect restorations in which the prepared dentinal surface is fully covered with a dentin adhesive and a flowable resin composite prior to impressiontaking. Not only the dentinal sealing but also the bond strength of resin cement is improved with this technique (8, 9 Original design in which the cavity margin is prepared in an adhesive cavity base. Yamamoto et al. (11) investigated the stress distributions in teeth restored with glass-ceramic restoratives of which cavities were prepared in resin composite bases. The authors stated that preparing the entire cavity in the resin composite base would be acceptable clinically and was effective for preventing excess tooth reduction in indirect restorations. Therefore, in order to perform minimally invasive indirect restoration, a condition whereby the ceramic restorative is wholly supported by the adhesive resin composite base should be produced clinically. Accordingly, it is essential to investigate the fracture mechanics of ceramic materials bonded to a resin composite base. The objective of this study was to investigate the influence of the roughness of a loaded surface on crack formation in a mica-based glass-ceramic bonded to a resin composite base, in order to test the hypothesis that the roughness of the loaded surface affects crack formation in the bonded ceramic.
Materials and Methods
Thirty-five mica-based glass-ceramic discs (OCC, lot no. 96 1012, Olympus Optical Co., Tokyo, Japan) were processed from smooth wax patterns 14 mm in diameter and 1.6 mm thick according to the manufacturer's instructions. The ceramic discs were divided randomly into five equal groups (Groups 1 -5). In order to create various surface roughnesses on the discs, one flat surface of each disc was serially wet-ground under tap water using up to 180 (Group 1), 220 (Group 2), 400 (Group 3), or 1200 grit SiC abrasive paper (Group 4), or 6-µm, 3-µm and 1-µm diamond paste (Group 5). For Groups 1 -4, the surface grinding was performed under finger pressure for 10 passes. For Group 5, the diamond paste polishing was performed for 5 min using each paste after SiC abrasion. The thickness of all discs was adjusted to 1.5 mm. Parallelism between the two flat surfaces was confirmed by thickness measurement at three different points for each disc. The roughness (Ra) of the ground surface was measured twice in perpendicular directions at the center of each disc using a surface recorder (Surfcom 120A, Tokyo Seimitsu, Tokyo, Japan). The conditions for the roughness measurement were: λc 0.8 mm, probe radius 2 µm, measuring load 0.004 N, measuring length 5 mm, depth magnification ×1,000, lateral magnification ×20, and feed rate 0.1 mm/sec.
Thirty-five resinous discs 15 mm diameter and 2 mm thick were fabricated in a silicone mold using a dualcured resin composite for the core foundation (Clearfil DC Core, lot no. universal 0159; catalyst 0165, Kuraray Medical, Tokyo, Japan). The discs were lightly wet-ground using 600 grit SiC abrasive paper under finger pressure for 10 passes. The discs were then cleaned ultrasonically in water for 5 min. Parallelism was confirmed using the method described above.
The non-ground ceramic surfaces and the ground resin surfaces were cleaned with 40% phosphoric acid gel (Ketchant, lot no. 251, Kuraray Medical) for 5 sec. The surfaces were then thoroughly rinsed with a water spray for 10 sec and air-dried with an air syringe. The ceramic discs and the resin discs were bonded under a static pressure of 19.6 N using a combination of an adhesive primer, a silane coupling agent, and a resin composite cement (Clearfil SE Bond Primer, lot no. 0180AA, Clearfil Porcelain Bond Activator, lot no. 0112AB, and Panavia F, lot no. A paste: 00052A; B paste: 00028A, Kuraray Medical). The bonded specimens were stored in water at 37˚C for 48 h.
The trilayer specimens consisting of the ceramic, the cement and the base were supported on a flat rigid surface, and a compressive load was applied to the center of the ceramic surfaces at a cross-head speed of 0.2 mm/min using a Shimadzu Autograph AG-500A (Shimadzu, Tokyo, Japan) until radial cracks opening onto the loaded surface were produced. In order to simulate severe occlusal contact, the diameter of the loading pin was 3 mm (12) . The loads at which initial radial and cone cracks appeared were measured macroscopically by two observers, as no obvious changes appeared in the loading curve upon crack initiation. The resulting data were analyzed statistically by Student's t test or one-way ANOVA at a level of significance of 0.05. Following the loading test, the cracked/fractured specimens were observed using a light microscope (SZX9, Olympus Optical Co., Tokyo, Japan) and a scanning electron microscope (JSM 5600 LV, JEOL, Tokyo, Japan). initial radial and cone crack formation and the standard deviations. Fourteen of the 35 specimens were fractured into segments during the loading.
Results

Fracture load
The maximum and minimum Ra values were obtained in Group 1 (180 grit) and Group 5 (1/4 µm diamond paste), respectively. Different Ra values were observed in the five groups, as expected.
In Groups 1 -3, it was impossible to measure the loads at initial radial crack formation because the initial radial cracks were invisible due to poor transmissivity of the ceramic surface generated by the roughness. On the other hand, macroscopic measurements were possible for Groups 4 and 5. The mean loads in Groups 4 and 5 were similar, and no significant difference between them was observed by Student's t-test (P = 0.9531).
At the point of cone crack formation, all of the groups showed loads above 2000 N. The means ranged from 2211 N in Group 3 to 2862 N in Group 5. One-way ANOVA revealed no significant differences among the five groups (P = 0.4526). Figure 1a shows a light micrograph of the loaded ceramic surface. Radial and circular cracks can be seen in the specimen. Fig. 1b is a schematic drawing of Fig. 1a in which broken lines and solid lines indicate subsurface cracks and cracks opening onto the loaded surface, respectively. The subsurface cracks and the opening cracks were found to include both radial and circular cracks. The diameters of the two opening circular cracks (arrows 1 and 2 in Fig. 2B ) were larger and smaller than that of the loading pin (3 mm diameter), respectively. The larger crack appeared as a sharp line and seemed to propagate with spreading toward the ceramic/resin interface. In contrast, the smaller crack appeared as a vague and bold line without spreading. Figure 2 shows a light micrograph of the fractured section. Inclined cracks (triangles) are observed to propagate toward the ceramic/resin interface. In addition, the area between these inclined cracks is irregular. Fig. 3 is a magnified SEM image of Fig. 2 . Numerous cracks can be seen running vertically from the ceramic/resin interface to the loaded surface. Fig. 4 shows a section of fractured ceramic just beneath the loaded area. Many scrape-like marks (arrows) and two obscure bands (triangles) are evident. The scrape-like marks are oriented almost parallel to the direction of loading, while the bands for which the surface appears to be smooth are believed to be perpendicular to the loading direction. No obvious differences were observed among the aspects of the fractured sections in the five groups. 
Microscopic observation
Discussion
Several investigators have measured the fracture loads of ceramics supported by certain substrates (e.g., tooth, epoxy resin, and resin composite) (13) (14) (15) (16) (17) (18) (19) (20) . The fracture loads in previous studies of ceramics were those recorded at catastrophic fracture. In general, unsupported ceramics show abrupt fracture due to their brittle nature; however, the fracture mechanisms change when the ceramics are supported (21-23). Tsai et al. (19) investigated the fracture mechanisms of a trilayered specimen consisting of micabased glass-ceramic/resin composite cement/epoxy resin. They found that initial radial cracks were produced within the ceramic/cement interface under the loaded area, followed by cone crack formation ("Hertzian cone" fractures) from the loaded surface. In the present study, radial/circular, subsurface/opening cracks were observed in the top view (see Fig. 1 ). The radial cracks were initial radial cracks and median-radial cracks (24, 25) . The larger circular crack (arrow 1 in Fig. 1b) was the initiation site of the cone crack, and the smaller circular crack (arrow 2 in Fig. 1b ) was considered to be composed of transverse cracks extending upward from the ceramic/resin interface (21-23). The initial radial cracks and the transverse cracks were the same, and the difference in the crack designation originates from the direction of observation (19, (21) (22) (23) . Consequently, in the present study, three types of cracks were produced in the following order: initial cracks, cone cracks, and median-radial cracks.
When a load is applied to a ceramic bonded to resinous material, apparent tensile stress is created in the ceramic because its elastic modulus is higher than that of the resin (26). Yamamoto et al. (11) evaluated stress distributions in minimally invasive ceramic inlay restorations, as described in the Introduction. They reported that the major tensile stress was generated within the ceramic at the ceramic/resin cement interface. Deng et al. (27) revealed that radial cracks were initiated from the undersurface of a ceramic in contact with polymer in a ceramic/ceramic/ polymer trilayer. Although it was impossible to define the crack initiation site in Figs. 2 and 3 because of collapse of the typical markings of crack initiation and propagation (19, 28, 29) due to application of the load until the formation of median-radial cracks, the initial cracks were considered to initiate at the ceramic/resin interface and to propagate radially (initial radial crack) and upward (transverse crack) (12, 19, 22, 23) . No cracking sound was audible in this study, in contrast to the study by Tsai et al. (19) , and this was why load measurement had to be performed macroscopically, making some of the data unmeasurable. The difference between the present study and that of Tsai et al. can be explained by the scrape-like marks and the obscure bands shown in Fig. 4 . These marks and bands appeared to be hackle and mirror/mist regions, respectively, and they appeared mutually. The appearance of these fracture surface features was considered to indicate gradual crack propagation. Therefore, no cracking sound was audible because the cracks grew slowly. Irregularities indicating the initial cracks (transverse cracks) were produced between the cone cracks (see Fig. 2 ). This phenomenon can be used to explain the difference in diameter of the two circular cracks (see Fig. 1 ).
Cone cracks are initiated at surface flaws in the loaded surface due to high tensile stress generated around the loaded area, and the cone cracks propagate along the stress plane (30) . We hypothesized that the roughness of the loaded surface affected cone crack formation. However, this hypothesis was rejected because no significant differences were found among the five groups. In light micrographs ( Fig. 1) , the diameter of the larger circular crack was wider than that of the loading pin (ø3 mm), and the crack appeared to grow downward with spreading. These findings were supported by images of the fractured section (Fig. 3) , in which the distance between the initiation sites of the cone cracks (two triangles on the loaded surface) exceeded 3 mm and the cracks ran obliquely toward the ceramic/resin interface. Median-radial cracks are generally produced under sharp indentation conditions. However, in the present study, they were produced even with blunt indentation. Jung et al. (23) demonstrated finite element-generated stress contours in a ceramic/resin bilayer specimen in contact with a tungsten sphere. They revealed that the tensile stresses were generated outside the contact area on the loaded surface. Their contours must have indicated median-radial crack formation under blunt indentation conditions. The formation of median-radial cracks was consistent with their FEA study.
In the present study, the loads at initial radial cracks in the trilayer specimens exceeded those during mastication and swallowing (5 to 360 N) (12) . These results appear to indicate that the fracture strength of a mica-based glassceramic bonded to a resin composite would be sufficient for functioning in the oral environment, and that a glassceramic can be applied to a minimally invasive toothcolored restoration (11) . However, the strength degradation of a mica-based glass-ceramic is more conspicuous than that of other ceramic materials once the materials have received surface damage or are subjected to contact fatigue testing (31) (32) (33) . Recently, a new type of cone crack known as an inner cone crack was reported by Zhang et al. (34, 35) . Such inner cone cracks were observed within an area subjected to cyclic loading in water, and propagated faster and more deeply than conventional cone cracks. These inner cones would also be a factor inducing strength degradation. Clinical use of this mica-based material will require improvements in its damage tolerance.
